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PROGRAM  OVERVIEW 


The  Alliance  for  NanoHealth  Competitive  Research  Program  reviewed  more  than 
70  proposals  in  the  summer  of  2006  and  awarded  ten  seed  grants  for  new 
collaborative  projects  that  combined  nanotechnology  and  medicine.  After  three 
years,  all  projects  have  come  to  an  end  and  at  least  half  have  received  follow-on 
funding  from  the  NIH,  DoD,  or  private  foundations. 

Included  in  this  report  are  research  activities  reported  for  four  of  the  five  projects 
that  carried  funding  into  the  last  performance  period  spanning  September  2008 
through  September  2009.  The  only  project  that  charged  research  expenditures 
to  the  program  during  the  most  recent  performance  period  was  Project  8,  led  by 
Dr.  Joan  Nichols  of  the  University  of  Texas  Medical  Branch. 

Now  that  all  invoicing  has  been  closed  out,  approximately  $150,000  is  remaining 
and  will  be  allocated  a  new  seed  project  that  combined  nanotechnology  and 
medicine.  This  new  project  has  been  discussed  with  the  program  COR  and  we 
will  soon  submit  a  Scope  of  Work  and  Detailed  Budget  to  TATRC  in  order  to 
carry  forward  these  funds  for  an  additional  year.  This  project  will  focus  on  the 
development  of  a  microfluidics  nanosensor  platform  that  can  rapidly  screen 
biomarkers  associated  with  multiple  organ  failure  (MOF).  This  technology  is 
highly  relevant  to  ICU  patients  recovering  from  severe  trauma  and  provides 
clinicians  with  rapid  on-site  diagnostics  and  provide  improved  care  to  those 
patients  most  susceptible  to  MOF. 
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PROJECT  1 


On-Command  Control  of  Blood  Pool  Residence  Time  for  Nanoparticle- 
Based  Molecular  Imaging 

Vikas  Kundra,  MD,  PhD  (M.D.  Anderson  Cancer  Center) 

Ananth  Annapragade,  PhD  (University  of  Texas  Health  Science  Center  at 
Houston) 


This  project  was  completed  at  the  end  of  the  second  performance  period 
(September  2007  -  September  2008)  and  did  not  report  any  spending  beyond 
October  2008.  Therefore,  no  annual  report  required  for  this  project  in  the  current 
performance  period. 


6 


PROJECT  2 


Nanomagnetic  Biosensors  for  Cancer  Diagnostics 

Dmitri  Litvinov,  PhD  (University  of  Houston) 

Mini  Kapoor,  PhD  (M.D.  Anderson  Cancer  Center) 


This  project  was  completed  at  the  end  of  the  first  performance  period  (June  2006 
-  September  2007)  and  did  not  report  any  spending  beyond  October  2007. 
Therefore,  no  annual  report  required  for  this  project  in  the  current  performance 
period. 
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PROJECT  3 


Modulation  of  Inner  Ear  Nanomechanics 

John  Oghalai,  MD  (Baylor  College  of  Medicine) 
Bahman  Anvari,  PhD  (Rice  University 


This  project  was  completed  at  the  end  of  the  second  performance  period 
(September  2007  -  September  2008)  and  did  not  report  any  spending  beyond 
October  2008.  Therefore,  no  annual  report  required  for  this  project  in  the  current 
performance  period. 
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PROJECT  4 


Developmet  of  Asymmetric  Liposome  Nanoparticles  for  Targeted  Delivery 
of  siRNA  to  Slience  Cyclin  D1  Expression  and  Tumor  Regression  in 
Hepatocellular  Carcinoma 

Sundararajah  Thevananther,  PhD  (Baylor  College  of  Medicine) 

Kishore  Mohanty,  PhD  (University  of  Houston) 


This  project  was  completed  at  the  end  of  the  second  performance  period 
(September  2007  -  September  2008)  and  did  not  report  any  spending  beyond 
October  2008.  Therefore,  no  annual  report  required  for  this  project  in  the  current 
performance  period. 
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PROJECT  5 


Nanorods-Mediated  Gene  Therapy  in  Blader  Cancer 

Liana  Adam,  PhD  (M.D.  Anderson  Cancer  Center) 
Jason  Hafner,  PhD  (Rice  University) 

Introduction 

The  overall  goal  of  this  project  is  to  non- 
covalently  complex  genetic  material  to  gold 
nanorods,  deliver  the  nanorods  into  specific 
cells  by  receptor  mediated  endocytosis,  and 
then  release  the  genetic  material  by  locally 
heating  the  gold  nanorods  with  radiation  at 
their  plasmon  resonant  absorption  in  the 
near  infrared.  The  subcontract  project  to 
Hafner’s  lab  at  Rice  focuses  on  the 
synthesis  and  optical  properties  of  the 
nanorods,  and  the  interfacial  chemistry 
required  to  functionalize  the  nanorods  with 
monoclonal  antibodies. 

The  nanorods  are  formed  by  the  growth 
of  colloidal  gold  seeds  in  the  presence  of  the 
surfactant  cetyltrimethylammonium  bromide 
(CTAB).  Gold  nanorods  are  of  particular 
interest  for  biomedical  applications  due  to 
their  small  size  and  potentially  improved 
permeation  into  tissue  relative  to  larger 
tunable  gold  nanoparticles.  However,  gold 
nanorods  and  other  shapes  synthesized 
with  CTAB  are  also  stabilized  by  this  strong 
surfactant,  which  is  thought  to  form  a  bilayer 
on  the  nanoparticle  surface.1  If  the  CTAB  is 
removed  from  solution,  the  nanorods 
immediately  aggregate.2 

This  report  describes  progress  on  two 
aspects  of  biological  targeting  of  CTAB- 
synthesized  gold  nanorods  that  occurred 
during  the  reporting  period.  First,  the 
sensitivity  of  nanorod  stability  to  CTAB 
concentration  has  been  carefully 
characterized.  Second,  a  simple  chemical 
strategy  has  been  developed  to  create 
nanorod-antibody  conjugates  based  on 
strong  gold-thiol  and  amide  bonds  that 
specifically  target  cells. 


A 


B 


Figure  1.  The  evolution  of  the 
plasmon  resonant  peak  of  nanorod 
solutions  after  reduction  of  the 
CTAB  concentration  by 

sedimentation.  The  absorbance  peak 
height  (A),  peak  wavelength  (B),  and 
peak  width  (C)  for  CTAB  stabilized 
gold  nanorods  (■),  anionic  polymer 
stabilized  gold  nanorods  (A),  and 
PEGvlated  nanorods  (•). 
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Results  &  Discussion 


Nanorod  Stability 

In  order  to  determine  the  critical  CTAB  concentration  required  for  nanorod 
stability,  and  to  understand  the  nature  of  the  stabilization,  the  CTAB 
concentration  was  lowered  in  three  ways.  First,  aliquots  of  nanorods  were 
pelleted  by  sedimentation,  90%  of  the  clear  supernatant  was  removed,  and  the 
nanorod  pellets  were  resuspended  to  their  initial  volume  with  water.  In  this  way 
the  CTAB  concentration  was  reduced  by  a  factor  of  10  on  each  round  of 
sedimentation.  The  LSPR  peak  wavelength, 
width,  and  height  were  recorded  after  each 
round  of  sedimentation  and  are  plotted  in 
Figure  1  (squares).  There  was  essentially 
no  nanorod  aggregation,  i.e.  no  LSPR  peak 
height  reduction,  broadening,  or  red  shift, 
until  the  third  round  of  sedimentation. 

Therefore,  nanorod  aggregation  occurred 
somewhere  between  1  and  0.1  mM  CTAB. 

Second,  the  CTAB  concentration  of  a 
nanorod  solution  was  monitored  during  slow 
dilution  with  water  (Figure  2).  As  expected, 
the  LSPR  peak  absorbance  decreased  as 
the  nanorod  concentration  was  reduced. 

However,  the  LSPR  peak  wavelength  and 
width  were  not  affected,  indicating  no 
aggregation,  although  the  CTAB 
concentration  was  reduced  to  below  50  mM. 

This  apparent  inconsistency  with  the  results 
of  Figure  1  reveals  that  it  is  the  ratio  of 
CTAB  concentration  to  nanorod 
concentration  that  determines  stability,  not 
the  CTAB  concentration  alone,  which  is 
typical  for  surfactant-stabilized  colloids. 

Third,  CTAB  was  removed  from  a 
nanorod  solution  without  reducing  the 
nanorod  concentration  by  extraction  with 
chloroform.  Based  on  our  own 
measurement  of  the  distribution  ratio  for 
CTAB  between  water  and  chloroform,  the 
aggregation  occurred  between  370  mM  and 
290  mM  CTAB.  Given  that  the  nanorod 
concentration  was  0.5  nM,  the  critical 
CTAB/nanorod  concentration  ratio  was 
approximately  740,000.  Note  that  this  number  of  CTAB  molecules  per  nanorod 
is  much  larger  than  the  amount  of  CTAB  needed  to  simply  coat  the  nanorods 
with  a  surfactant  bilayer,  so  the  dynamic  interactions  between  CTAB  in  solution 
and  in  the  bilayer  must  be  important  for  nanorod  stability. 


A 


C 


100  - 1 - 1 - 

—  90  - 
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~  80  - 
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Figure  2 .  The  evolution 
of  the  plasmon  resonant 

peak  height  (A)  , 

wavelength  (B)  ,  and  width 

(C)  of  a  nanorod  solution 
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The  above  results  demonstrate  that  CTAB  must  be  maintained  at  a 
concentration  on  the  order  of  0.1  mM,  which  is  too  high  for  use  in  cell  culture  due 
to  the  inherent  cytotoxicity  of  the  surfactant.  Therefore,  two  methods  of  nanorod 
stabilization  were  compared.  Nanorods  were  stabilized  by  displacement  of  the 
CTAB  with  a  thiol-terminal  polyethylene  glycol  (mPEG-SH),  and  by  wrapping  the 
CTAB  bilayer  with  polystyrene  sulfonate  (PSS).  The  LSPR  peak  wavelength, 
width,  and  height  after  successive  rounds  of  sedimentation  are  displayed  in 
Figure  1.  While  the  unstabilized  nanorods  aggregated  after  the  third  round  of 
sedimentation,  both  PEGylation  and  polyelectrolyte  stabilization  were  effective. 
However,  PEGylation  maintained  a  narrower  LSPR  peak,  indicating  a  reduced 
degree  of  aggregation  relative  to  polyelectrolyte  stabilization. 

Nanorod  Bioconjugation 

To  form  stable  nanorod  bioconjugates,  a  heterobifunctional  polyethylene 
glycol  with  thiol  and  carboxyl  end  groups  (HOOC-PEG-SH)  was  applied. 
Nanorod  stabilization  with  HOOC-PEG-SH  yielded  identical  results  to  mPEG-SH 
in  Figure  1.  The  carboxy-terminal 
nanorods  were  conjugated  to 
antibodies  using  the  zero-length 
crosslinker  EDC  stabilized  by  NHS.3 
Standard  procedures  for  EDC  protein 
crosslinking  were  followed,4  with  the 
following  modifications  for  the  unique 
properties  of  the  carboxy-terminal 
nanorods.  First,  since  the 
functionalized  nanorod  surfaces 
contain  no  amines,  there  is  no 
chance  of  nanorod  aggregation  due 
to  amide  bond  formation  between 
nanorods,  which  minimizes  the 
criticality  of  the  initial  EDC  exposure. 

Second,  to  avoid  the  need  for  buffer 
exchange  or  sedimentation,  the 
change  in  pH  from  6.1  for  activation 
to  7.1  for  conjugation  was 
accomplished  by  diluting  the 
nanorods  into  a  larger  volume  of 
antibody  solution.  Finally, 

sedimentation  was  performed  (rather 
than  buffer  exchange)  to  remove 
excess  reactants  and  products  from 
the  nanorod  solution. 

To  characterize  the  final  product,  nanorods  were  conjugated  to  AF-Ab  for 
fluorimetric  analysis.  After  the  steps  described  above,  the  nanorod  conjugates 
were  put  through  successive  rounds  of  sedimentation,  90%  decantation,  and 
resuspension  in  buffer  to  dilute  the  unbound  AF-Ab  by  factors  of  ten.  Fluorimetry 


io7 
io6 
io5 
12  io4 

C 
3 

o  103 
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500  550  600  650 

Wavelength  (nm) 

Figure  3.  Fluorimetric  analysis  of  gold 
nanorod  conjugates.  The  dashed  curves  display 
the  signal  from  free  labeled  antibodies  in 
solution  at  the  stated  concentrations.  The  solid 
curve  displays  the  signal  from  nanorod 
conjugates . 


12 


of  unbound  AF-Ab  in  the  decants,  shown  in  Figure  3,  serves  as  a  standard  curve 
and  reaches  the  background  fluorescence  noise  floor  by  the  4th  round  at  an  AF- 
Ab  concentration  of  0.1  nM.  Fluorimetry  of  the  nanorod  conjugates  solution 
indicated  a  nanorod  bound  AF-Ab  concentration  of  1  nM,  which  yields 
approximately  two  antibodies  per  nanorod  given  a  nanorod  concentration  of  0.5 
nM  based  on  the  LSPR  extinction  peak.2 

Nanorod  conjugate  targeting  was  tested  with  an  in  vitro  system.  Nanorods 
were  conjugated  to  anti-HER2  and  also  to  rabbit  IgG  as  a  control.  Each 
conjugate  was  incubated  with  both  the  HER2-overexpressing  epithelial  breast 
cancer  cell  line  SK-BR-3  and  the  normal  mammary  epithelial  cell  line  MCF10A 
for  30  minutes  simultaneously  and  under  identical  conditions.  The  cells  were 
washed  and  immediately  imaged  live  by  two  photon  luminescence,  which 
highlights  the  presence  of  gold  particles,5  as  well  as  phase  contrast  to  show  the 
cell  locations.  Figure  4  demonstrates  that  only  the  specific  antibody/cell 
produced  a  significant  level  of  nanorod  binding  to  the  cells. 

Key  Research  Accomplishments 

To  maintain  colloidal  stability,  it  is  the  ratio  of  CTAB  to  nanorod  concentration 
that  must  be  maintained.  Here,  the  critical  CTAB:nanorod  ratio  was  found  to  be 
approximately  740,000:1. 

The  CTAB  layer  can  be 
displaced  by  thiol  terminal 
PEG,  or  wrapped  by 
polyelectrolytes.  However, 
gold-thiol  PEGylation  results 
in  higher  yields  and  more 
monodisperse  nanorod 
samples  when  the  CTAB  is 
removed.  A  bifuncitonal 
PEG  with  thiol  and  carboxyl 
end  groups  results  in 
carboxy-terminal  PEGylated 
nanorods  which  can  be 
conjugated  to  antibodies  via 
a  carbodiimide  linking  agent. 

A  fluorimetry  assay  reveals 
approximately  two  antibodies 
per  nanorod.  The  nanorod 
conjugates  demonstrated 
specific  targeting  in  two 
different  antibody/cell 

systems  as  observed  by  two- 
photon  luminescence. 


Anti-HER2 


SKBR3  | 


MCFlOa 


'o.  0  o 


Figure  4.  Nanorod  conjugate  targeting.  Phase  contrast 
shows  the  cell  locations  in  grayscale,  and  two  photon 
luminescence  is  displayed  in  red.  Binding  was  only 
observed  for  the  Anti-HER2  conjugates  and  SKBR3  cells. 


13 


Conclusions 

Methods  were  developed  to  stabilize  isolate  gold  nanorods  from  their 
cytotoxic  stabilizing  surfactant  and  conjugate  monoclonal  antibodies  to  their 
surface.  The  resulting  nanorod  bioconjugates  specficially  bind  the  targeted  cells, 
and  can  be  used  for  specific  delivery  of  genetic  material. 
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Introduction 

Breast  cancer  is  the  most  common  cancer  in  women  in  the  U.S.  Although 
combination  chemotherapy  improves  survival  in  some  metastatic  breast  cancer 
patients,  this  disease  is  generally  currently  incurable  and  new  treatment 
approaches  are  needed.  A  subtype  of  breast  cancer,  inflammatory  breast  cancer 
(IBC),  currently  has  no  novel  therapeutic  options  and  has  high  rates  of 
recurrence  after  conventional  treatment.  Both  drug-resistance  and  inadequate 
drug  delivery  to  the  tumor  have  been  proposed  to  contribute  to  this  dilemma.  The 
use  of  magnetically-vectorable,  drug-loaded  nanoparticles  (NP)  is  proposed  to  be 
capable  of  achieving  superior  tumor  pharmacokinetics  compared  to  that  of  free 
drugs  as  currently  practiced.  The  initial  clinical  presentation  of  IBC  is  superficial, 
in  the  skin,  and  the  skin  is  known  to  harbor  residual  disease  as  it  is  the  primary 
site  of  loco-regional  recurrence  after  maximal  therapy.  The  proposed  approach 
using  magnetic  vectoring  of  magnetically-responsive  NPs  (MNPs)  would  exploit 
this  superficial  presentation,  accessible  to  the  required  magnetic  field  strengths 
and  gradients  inherent  in  currently  available  permanent  magnets:  thus,  being 
translatable  to  clinical  application  if  validated  pre-clinically. 

Macromolecular  drug  delivery  systems  have  been  developed  as  one  approach  to 
overcome  drug  resistance  and  improve  drug  therapeutic  index.  Such  polymeric 
drug  conjugates  are  internalized  by  endocytosis,  resulting  in  lysosomal 
accumulation  and  release  of  drug  from  polymer  (activation).  Drug  copolymers 
may  have  key  advantages  over  free  drugs,  including  reduced  toxicity.  High 
plasma  Cmax  values  and  rapid  extravasation,  which  contribute  to  the  toxicity  of 
free  drugs,  should  be  largely  abrogated  with  copolymer  prodrugs,  whose  size 
limits  diffusion  rates.  However,  the  enhanced  permeability  and  retention  (EPR) 
effect  should  still  allow  copolymer  accumulation  and  retention  within  the  tumor 
interstitium,  followed  by  prodrug  activation.  These  pharmacological  principles 
also  generally  apply  to  NP  drug  carriers,  whether  serving  as  components  of 
prodrugs  or  simply  requiring  degradation  at  the  tumor. 

NPs  hold  several  potential  advantages  over  other  carriers  for  drug  delivery  to 
tumors.  Drugs  with  diverse  physical-chemical  properties  can  be  incorporated, 
depending  on  the  matrix  or  linker  chemistry  selected.  In  addition,  NPs  tend  to 
have  markedly  higher  drug  loading  capacities  than  other  delivery  systems.  The 
drug  payload  can  be  embedded  in  matrices  whose  physical-chemical  properties 
dictate  the  characteristics  of  drug  release.  Finally,  NP  surfaces  can  be  easily 
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modified  with  targeting  ligands,  such  as  the  anti-CD44  thioaptamers  we  propose 
herein. 

The  concept  of  using  MNPs  for  driving  a  desired  physiological  event,  such  as 
drug  delivery,  originated  in  the  late  70’s,  but  has  heretofore  faced  significant 
technical  issues  that  have  hindered  advancement  of  this  technology.  First, 
macroparticles  attract  each  other  in  a  magnetic  field,  causing  aggregation,  an 
undesirable  outcome.  Second,  achieving  both  sufficient  therapeutic  drug  loading 
levels  and  chemical  functionality  have  proven  to  be  difficult  technical  hurdles  to 
overcome.  Finally,  the  technology  for  effective  control  of  the  MNPs  in  a 
physiological  environment  has  not  been  available.  However,  recent  significant 
technological  advancements  have  occurred  to  bring  targeted  magnetic  therapies 
within  the  realm  of  functional  potential,  including:  1)  dense,  spherical,  single 
domain  magnetite  MNPs  can  now  be  produced  uniformly  and  economically,  2) 
novel  methods  now  exist  for  attachment  of  functional  groups  to  NPs,  and  3)  new 
electromagnetic  instrumentation  is  available  for  vectored  NP  navigation  and 
positioning. 

The  application  of  nanotechnology,  and  NPs  in  particular,  to  breast  cancer  is  only 
in  its  infancy.  One  relevant  development  is  the  recently  FDA-approved 
Abraxane™,  a  Cremophor-free,  albumin-NP-bound  paclitaxel  formulation,  for 
second-line  breast  cancer  treatment.  It  achieved  superior  response  rates 
compared  to  the  175  mg/m2  Taxol  arm  in  its  registration  trial;  however, 
comparisons  to  Taxotere  remain  to  be  conducted,  and  other  indications  have  not 
yet  been  explored. 

The  CD44  proteoglycan  family,  including  the  standard  (S)  form  and  10  or  more 
known  splice  variants,  is  expressed  on  most  human  breast  cancer  cell  lines. 
Among  a  panel  of  1 10  breast  carcinomas,  60%  were  positive  for  CD44s,  79%  for 
v5,  74%  for  v6,  54%  for  v7  and  95%  for  v3-10.  Its  wide  expression  makes  it  an 
attractive  candidate  for  targeting  breast  cancer,  including  IBC. 

Thus,  we  introduced  the  concept  of  bimodal  vectoring:  an  initial  phase  driven  by 
the  magnetic  field  influence  on  MNP  localization  to  the  tumor;  and  a  secondary, 
diffusion-controlled,  post-magnetic  vectoring  phase,  driven  by  a  binding  moiety 
(anti-CD44  thioaptamer)  that  will  bind  to  cell-surface  CD44  and  precipitate  an 
internalization  event. 


Results  &  Discussion 

Synthesis  of  CD44  HABD  (Hyaluronan  Binding  Domain)  protein  by  cell  free 
expression. 

Due  to  the  poor  yields  of  protein  using  a  bacterial  in  vivo  expression  system,  we 
used  a  cell-free  expression  system  to  produce  the  CD44  HABD  domain  (residues 
20-172).  Cell-free  expression  methods  offer  tremendous  advantages  over  the 
traditional,  in  vivo  expression  systems.  The  main  advantages  of  cell-free 
expression  methods  include  rapid,  often  one-step  purification  of  the  protein  of 
interest,  small  working  volumes  (pL  of  volumes  compared  to  mL-L  of  volumes  of 
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bacterial  cell  cultures),  and  elimination  of  laborious  procedures  of  cloning  and  cell 
culture. 


Combinatorial  Selection  of  Monothio  DNA  aptamers  targeting  CD44  HABD 

The  initial  library  was  constructed  by  PCR-amplification  of  a  chemically 
synthesized,  73-nt  DNA  template  (a  30-nt  random  region  flanked  by  a  22-nt  and 
a  21 -nt  PCR  primer  regions).  Before  PCR  amplification,  the  single-stranded  DNA 
template  was  subjected  to  Klenow  reaction  to  yield  a  double-stranded  DNA 
template.  During  the  PCR,  dATP(aS)  was  used  along  with  dCTP,  dGTP  and 
dTTP,  so  the  resulting  DNA  library  will  have  monothio-substituted  phosphoryl 
groups  at  the  5’-end  of  each  dA  residue. 


5’-GAGATTCATCACGCGCATAGTC-N3o-CGACTATGCGATGATGTCTTC-3’ 

Selection  of  thioaptamers  was  performed  on  the  His-tagged  CD44  HABD  that 
was  bound  to  the  Ni-NTA  (Nickel  Nitrolo  Triacetic  Acid)  beads  (Qiagen).  Before 
the  initial  round  of  selection,  the  thioapatamer  library  was  screened  against  the 
bare  Ni-NTA  beads  to  eliminate  the  DNA  sequences  that  would  bind  to  the  beads 
themselves.  After  10  rounds  of  selection,  the  sequences  of  the  selected 
thioaptamers  showed  convergence. 


The  selected  sequences  are  shown  below. 


10-7/1-73 

10-13/1-73 

10-3/1-73 

10-13/1-72 

10-23/1-73 

10-5/1-72 

10-22/1-72 

10-23/1-73 

10-3/1-73 

10-24/1-72 

10-27/1-73 

10-3/1-74 

10-20/1-72 

10-4/1-72 

10-23/1-71 

10-3/1-73 

10-30/1-73 

10-1/1-73 

10-10/1-70 

10-23/1-73 

10-2/1-72 

10-12/1-72 

10-13/1-73 

10-14/1-73 

10-11/1-73 

10-17/1-73 

10-13/1-73 

10-21/1-73 
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CATCACG 
C  A  T  C  A  C  G 
C AT  C ACG 
CATCACG 
C  A  T  C  A  C  G 
CATCACG 
CATCACG 
CATCACG 
CATCACG 
CATCACG 
CATCACG 
CATCACG 
CATCACG 
CATCACG 
CATCACG 
CATCACG 
CATCACG 
CATCACG 
CATCACG 
CATCACG 
CATCACG 
CATCACG 
CATCACG 
CATCACG 
CATCACG 
CATCACG 
CATCACG 
CATCACG 


20 
i 

CG  C A TAG T 
CG  CAT AG  T 
CG  CAT AG T 
CGCATAGT 
CG  C AT  AG  T 
CGCATAGT 
CGCATAGT 
CG  C AT AG  T 
CGCATAGT 
CGCATAGT 
CGCATAGT 
CG  C AT AG  T 
CG  CAT  AG T 
CG  C A TAG T 
CGCATAGT 
CGCATAGT 
CGCATAGT 
CGCATAGT 
CG  C A TAG T 
CG  C AT AG  T 
CG  C AT  AG  T 
CGCATAGT 
CG  C A TAG T 
CGCATAGT 
CGCATAGT 
CG  C A TAG T 
CG  C AT AG  T 
CGCATAGT 


CCCAT-TACC 


50 


GGT  - aAccaacaa 


tIaaag 

Tj  A  A  AG 

■  CAT  T 

AAC  T  C AAC 

caacaB 

C AAC AAT 

TGGT  AGGTGC 

agttIatccc 

agttIatccc 

TT^ATT 
GATTGT 

T|T  TAAAC 

t|ttaaac 

T  TAAAC 
T  T  AAAC 


C  C  C AAT AC  C  CG  C 
AAC A AG AG  C  -  AC 
C  AAGG AC AC AG  C 
A C  A  C  AG  C 
AC AC AG C 
A  C  A  C  AG  C 
AC AC AG  C 
A  C A  C  AG  C 
A CAT AG C 
^T - CGGC 
JCAAGAAT  -  C  CAC  | 
CAT  AT  CCAAAGCA 
CAT ATCCAAAicA 

C  A<SC  AC  AC  C  A  AT  A 

C  A<1CACAC  C  AAAA 
ATCAATT |g A  -  - 
G -  CGAT  T AG AG  T 
T  CTAGGTGAGGC - 
G  A  T  A.  CGTGTAGA- 
AG  C ATAGGGG  C  C A 

GAAGCGTTACGAC 

G  A AG clTTACGAC 
G  A AG C  CTGACAAC 
£C  C  A.l^^A  C  A  AC 
G AA  AGGGG ACG A  C 
G AAAGGGG ACG AC 
G AAAGGGG ACG AC 
G AAAGGGG ACG AC 


Primers 


Primers 
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Based  on  the  random  region  sequences,  the  selected  thioaptamers  were 
grouped  into  six  groups.  The  sequence  for  each  group  is  shown  below 


1 .  Pr/'mer-reg/'on-CCAAGGCCTGCAAGGGAACCAAGGACACAGC-pr/'mer- 
region 

2 .  Primer-region- C  C  AAG  G  CAT  G  C  AAG  G  G  AAC  C  A  AG  G  AC  AC  AG  C  -primer- 
region 

3.  Primer-region-T  GC  AG  AT  G  C  AAG  GT  AAC  CAT  AT  C  C  AAAG  C  A  -primer- 
region 

4.  Primer-region-CGTAT  G  C  AAG  GT  G  AAAG  C  AG  C  AC  AC  C  AATAC  -primer- 
region 

5.  Pr/mer-reg/on-GCGGCAGTAGTTGATCCCGAAGCGTTACGAC-pr/mer- 
region 

6 .  Primer-region- TT G G G AC G GT GTT AAAC G AAAG G G G AC G AC C -primer- 
region 


The  consensus  sequence  of  the  selected  thioaptamers,  after  10  rounds  of 
selections,  is  shown  below. 


dGAGATT  CAT  CACGCGCATAGT  CCCAAGGCCT  GCAAGGGAACCAAGGACAC 
AGCGACT  AT  GCGAT  GAT  GT  CTT  C 


The  primer  regions  are  shown  in  blue  and  the  random  region  is  in  black.  The 
binding  affinities  of  these  selected  thiaptamers  will  be  tested  in  96-well  ELISA 
plates  and  the  tightest  binding  thioaptamer  used  for  the  nanoparticle  conjugation. 
We  will  also  identify  a  dithioate  (PS2)-modified  variation  of  the  top  monothioate- 
backbone  modified  (PS)  thioaptamer  to  further  enhance  the  affinity  and  nuclease 
resistance  of  the  CD44  targeting  thioaptamer.  We  will  utilize  our  bead-based 
thioaptamer  combinatorial  library  with  FACS  selection  targeting  the  CD44  HABD. 


Synthesis,  Characterization  and  Biocompatibility  of  SiMNP  and  TXL 
Constructs 

SiMNP,  magnetite  in  composition  and  surface-coated  with  silica  (Si02),  were 
synthesized  according  to  a  modification  of  the  Massart  procedure,  which  enabled 
the  subsequent  formation  of  discrete  silica-coated  MNP  (20  -  30nm  diameter) 
nanodispersions.  Silica  coatings  were  achieved  through  the  stoichiometric 
addition  of  sodium  silicate  to  an  MNP  nanodispersion  under  controlled  conditions 
of  decreasing  pH,  designed  to  control  shell  thickness  by  silica  deposition.  The 
chemical/physical  properties  were  characterized  by  X-ray  diffraction  to  confirm 
magnetite  composition  and  crystal  structure,  by  energy  dispersive  x-ray 
spectroscopy  (EDS)  to  confirm  the  presence  of  silica  coatings,  by  TEM  to  confirm 
particle  size  and  size  distributions  for  MNP  and  SiMNP  (10-20nm  and  20-30nm) 


18 


respectively,  and  by  Vibrating  Sample  Magnetometry  (VSM)  to  provide  a 
quantitative  measure  of  magnetic  susceptibility.  The  magnetic  susceptibility  is 
useful  for  assessing  the  potential  for  MNP  (~65  emu/g)  and  SiMNP  (~45  emu/g) 
to  be  influenced  by  an  external  magnetic  field. 

Several  parameters  were  considered  in  arriving  at  the  choice  of  magnetite  as  the 
initial  vectoring  material  for  evaluation.  First,  the  magnetic  susceptibility  of  our 
synthesized  SiMNP  has  been  shown  in  our  preliminary  data  to  be  sufficient  to 
respond  to  magnetic  field  gradients  achievable  with  commercially  available 
magnet  configurations.  Second,  while  other  types  of  magnets  exist  with  higher 
magnetic  moments,  such  as  those  utilizing  Ni  or  Co,  our  approach  eliminates  the 
issues  of  carrier  toxicity  and  difficult  syntheses,  allowing  the  focus  to  be  on 
SiMNP  behavior  as  the  delivery  vehicle. 

Biocompatibility  and  hermeticity  of 
SiMNP  were  assessed  by  several 
methods  that  assessed  the 
potential  for  free  radical 
generation,  which  included 
Electron  Spin  Resonance  (ESR), 
based  on  the  Fenton  system 
known  to  generate  free  radicals  in 
the  presence  of  DMPO  (5,5- 
dimethyl-1  -pyrroline-N-oxide). 

Results  indicated  no  evidence  for 
free  radical  generation  with  our 
synthesized  SiMNP. 

To  better  understand  SiMNP 
toxicity,  female  nude  mice  were 
injected  with  150  pL  of  1000  pg/ml 
solutions  of  FITC-labeled  SiMNP  and  held  for  six  months  prior  to  sacrifice 
(Klostergaard  et  al.,  unpublished).  Routine  hematological  (complete  CBC  and 
differential)  and  chemistry  (bilirubin,  electrolytes,  creatinine,  BUN,  glucose, 
calcium,  phosphorous,  serum  enzymes,  LDH,  and  total  protein)  assays  were 
conducted  and  did  not  reveal  any  significant  alterations  in  the  SiMNP-treated 
mice  compared  to  age-matched  controls.  Histopatholgoical  evaluation  by  a 
board-certified  veterinary  pathologist  was  unremarkable,  revealing  only  aging- 
associated  alterations,  not  unique  to  the  MNP-treated  mice.  These  results 
provide  evidence  of  SiMNP  biocompatibility  and  resistance  to  physiological 
degradation. 

SiMNP-TXL  constructs,  as  stable  nanodispersions,  have  also  been  synthesized 
and  characterized  by  dynamic  light  scattering  (Figure  1)  to  show  the  SiMNP-TXL 
construct  in  a  narrow  size  distribution  around  lOnm  diameter.  Carbon  analyses 
of  the  SiMNP-linker  and  the  SiMNP-TXL  construct  showed  6.15  wgt  %  and  9.66 
wgt  %,  respectively.  SiMNP  sites,  fully  saturated  with  linker  moieties,  based  on 
steric  assumptions,  would  show  a  maximum  carbon  due  to  TXL  to  be  -10% 
(0.5gram  TXL  per  gram  of  SiMNP  for  a  lOnm  particle),  after  accounting  for  the 


Figure  1:  SiMNP/TXL  Construct 
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carbon  contribution  from  the  linker.  Data  developed  from  synthesized  SiMNP 
constructs  showed  3.5%  TXL  content  (0.05g  TXL  per  gram  SiMNP)  again  after 
accounting  for  the  carbon  contribution  from  the  linker.  These  results  indicate  that 
approximately  15%  of  the  available  sites  on  SiMNP  (lOnm  diam.)  were 
consumed  by  TXL,  which  would  allow  for  delivery  of  ~15ug  of  TXL,  a  significant 
dose,  to  the  tumor. 

Thus,  we  provide  evidence  below  that  SiMNP  nanomaterials  used  in  our 
small  animal  nude  mouse  xenograft  models  were  nanoscale  in  character 
and  that  this  delivery  system  has  the  potential  to  target  an  effective  dose  of 
TXL. 


In  Vivo  Localization  of  MNPs  to  Human  Breast  tumor  Xenografts 


To  validate  the  feasibility  of  magnetically  vectoring  MNPs,  we  evaluated  the 
concept  in  orthotopic  human  MDA-IBC-1  nude  mouse  xenografts.  The  cells  for 
these  xenografts  were  obtained  from  Dr.  Wendy  Woodward,  MD  Anderson 
Cancer  Center.  They  were  established  from  fresh  pleural  effusions  obtained 
under  an  MD  Anderson  IRB-approved  protocol  from  a  patient  with  metastatic  and 
therapy-resistant  IBC. 

Fresh  pleural  effusion 
cells  and 

mammospheres  derived 
therefrom  were  PAP 
stained  and  analyzed  by 
a  breast  pathologist  to 
confirm  that  growing 
cells  were  tumor  and 
resembled  the  original 
pathology.  Attached  cells 
demonstrated  tube 
formation  with  mobile  projections  connecting  foci  of  attached  cells  and  had 
mesenchymal  morphology.  MDA-IBC-1  cells  were  transplanted  in  Matrigel 
into  the  cleared  mammary  fatpads  of  3-week  old  Nod/Beige  mice  (2x1 06 
cells/gland).  Ten  often  injected  glands  developed  tumors  at  14  days.  One  tumor 
had  gross  skin  change  at  the  time  of  sacrifice  (Figure  2,  left  panel).  Most  had 
mild/moderate  erythema.  All  tumors  had  evident  tumor  vasculature  (Figure  2, 
middle  panel).  H  &  E  staining  was  performed  and  compared  to  the  patient’s 
original  primary  tumor  by  a  breast  pathologist.  Histology  resembled  patient 
primary:  high  grade  and  malignant  (Figure  2,  right  panel). 

Immunohistochemistry  confirmed  maintenance  of  initial  receptor  phenotypes, 
ER(+),  PR(-),  Her-2-neu(-). 


To  conduct  the  MNP  localization  studies,  female  nude  mice  were  orthotopically 
(mammary  fatpad)  implanted  with  the  MDA-IBC-1  cell  line  using  matrigel,  and 
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tumors  were  allowed  to  grow  until  their  longest 
diameter  reached  between  4-10  mm.  Then,  following 
i.v.  administration  protocols,  50  ml  of  a  25  mg/ml 
solution  of  carboxy-silane-modified  MNPs  were 
injected  with  the  point  of  a  pyramid-crowned,  tandem 
magnet  (Figure  3)  juxtaposed  over  the  orthotopic 
tumor.  Pre-  (left  panels)  and  post  (right  panels)- 
magnetic  vectoring  (magnet  in  place  for  30  min)  MR 
images  (T1MSME,  top  panels;  T2FSE,  bottom 
panels)  were  acquired  (Figure  4).  The  evidence  for 
MNP-induced  susceptibility  artifacts  is  clear  using 
either  the  T1-  or  T2-  weighted  images.  There  was  no 
MR  evidence  for  MNP  localization  without  the 
magnet  in  place  (data  not  shown). 


Figure  3: 
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Figure  4:  Pre-  (left  panels)  and  post  (right  panels)-magnetic  vectoring  (magnet 
in  place  for  30  min)  MR  images  (T 1  MSME,  top  panels;  T2FSE,  bottom  panels) 
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To  begin  to  assess  the  kinetics  of  the  retention  mechanism  in  the  IBC-1 
xenograft,  mice  with  IBC-1  tumors  were  subjected  to  the  same  protocol  as 
described  for  the  experiment  in  Figure  4,  and  then  subjected  to  repeated  MR 
imaging  24  and  48  hr  later.  The  results  are  shown  in  Figure  5,  and  clearly 
demonstrate  diminished  signal  by  24  hr,  and  essentially  complete  equivalence  to 
pre-injection  images  by  48  hr,  suggesting  protracted  clearance  compard  to  that 
expected  for  free  drugs. 


Figure  5:  Top  row  is  prescan,  2nd  from  top  is  after  injection,  3rd  row  is  +24h, 
bottom  row  is  +48h.  Leftmost  column  is  lightly  T2*-weighted,  2nd  column  from  left 
is  T1 -weighted  spin-echo,  3rd  column  is  T13D  gradient  echo,  and  rightmost 
column  is  T2-weighted  spin  echo. 
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Key  Research  Accomplishments 

1)  Selection  of  six  families  of  anti-CD44  HABD  thioaptamer  sequences  using 
bead  selection  approach. 


2)  Synthesis  and  characterization  of  lead  monodispersed  MNP-TXL  conjugate. 


3)  Demonstration  of  magnetically-enhanced  localization  of  MNPs  to  human 
orthotopic  tumor  models,  including  breast. 


Conclusions 

We  have  been  successful  in  achieving  some  key  elements  needed  for 
construction  of  a  lead  anti-CD44-HABD-MNP-TXL  construct,  as  well  as  in 
achieving  localization  of  a  parental  MNP  formulation  to  orthotopic  human  breast 
tumor  xenografts.  The  next  steps  will  include  1)  validating  HABD  binding  in  solid- 
phase  binding  assays  by  the  candidate  anti-CD44  HABD  thioaptamers;  2)  if 
successful,  subsequent  analysis  by  competitive  binding  assays  on  CD44(+) 
human  breast  tumor  cells  (e.g.,  SKBR-3  or  HBL-100);  3)  synthesis  of  a  lead 
conjugate  of  anti-CD44  HABD-thioaptamer-MNP,  and  repetition  of  the 
competitive  binding  assays  performed  for  the  free  anti-CD44  HABD-thioaptamer; 

4)  synthesis  of  a  lead  conjugate  of  anti-CD44  HABD-thioaptamer-MNP-TXL  and 
determining  CD44-dependent  cytotoxicity  of  this  conjugate  on  CD44(+)  tumor 
cells  defined  above;  5)  evaluation  of  toxicity  and  anti-tumor  efficacy  of  this  lead 
formulation  in  orthotopic  nude/SCID  mouse  human  tumor  xenografts. 


Translation  to  Military  Medicine 

Breast  cancer  mortality  is  influenced  by  access  to  health  care  as  well  as  by 
genetic  and  other  factors.  This  is  true  in  the  civilian  population,  but  women  in  the 
armed  services  should  be  able  to  access  appropriate  medical  care,  irrespective 
of  their  socio-economic  status  as  civilians.  With  this  technology  currently  under 
development,  the  desired  endpoint  is  delivery  of  this  therapy  in  an  ambulatory 
treatment  center  or  clinic,  or  at  bedside  if  required  for  other  reasons;  we  fully 
anticipate  that  this  should  be  feasible  at  any  sophisticated  hospital  offering 
oncology  care  to  active  or  retired  service  personnel. 


Scientific  Publications,  Abstracts,  &  Presentations 

Numerous  poster  presentations  at  international  meetings,  including  the  2006 
EORTC/AACR/NCI  meeting,  entitled  “Magnetic  localization  of  magnetically- 
responsive  nanoparticles  to  human  ovarian  carcinoma  peritoneal  xenografts”,  by 
Jim  Klostergaard,  James  Bankson,  William  Yuill  and  Charles  E.  Seeney,  the 
2007  9th  US-Japan  Symposium  on  Drug  Delivery  Systems  entitled  “Bimodally- 
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targeted,  magnetically-responsive  nanoparticles  as  drug  carriers”,  by  Jim 
Klostergaard,  Joan  Bull,  David  Gorenstein  and  Charles  Seeney,  and  the  2008 
First  International  Meeting  on  Inflammatory  Breast  Cancer,  entitled  “Localization 
of  magnetically-responsive  nanoparticles  (MNPs)  to  orthotopic  human  IBC 
xenografts”,  by  Jim  Klostergaard,  James  Bankson,  Wendy  Woodward,  and 
Charles  Seeney. 


Funding  Received  as  a  result  of  the  seed  funds 

The  ANH  funding  helped  provide  preliminary  data  on  thioaptamer  development 
that  was  used  to  successfully  renew  a  U54  grant  between  MD  Anderson  Cancer 
Center  and  the  University  of  Puerto  Rico  Cancer  Center. 

Similarly,  this  data  has  been  used  in  pending  proposals,  including  an  Ovarian 
Cancer  SPORE  Development  Proposal,  as  well  as  in  response  to  a  solicitation 
for  projects  to  include  in  the  renewal  of  the  Ovarian  Cancer  SPORE  at  MD 
Anderson. 
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Introduction 

The  attached  publication  addresses  the  introduction,  results  &  discussion,  key 
research  accomplishments,  and  conclusions. 

Gupta  V,  Davis  G,  Gordon  A,  Altman  A,  Reece  G,  Gascoyne  P,  Mathur  AB, 
Endothelial  and  Stem  Cell  Interactions  on  Dielectrophoretically  Aligned  Fibrous 
Silk  Fibroin-Chitosan  Scaffolds,  Journal  of  Biomedical  Materials  Research, 
Accepted  October  2009. 

•  We  have  a  novel  patentable  method  for  fabrication  of  3-D  nano-fibrillar 
scaffolds  that  affect  endothelial  and  stem  cell  migration  and  adhesion  and 
guide  cells  in  vivo 

•  We  have  submitted  for  further  support  from  the  NIH  as  an  R01.  See 
details  below.  This  was  our  last  task  on  the  timeline  and  we  have 
accomplished  it. 

•  Principal  Investigator,  Engineered  Biologies  for  Repair  of  Abdominal 
Wall  Musculofascia,NIFI  R01AG034658,  National  Institute  on  Aging  (NIH / 
NIA),  $1,902,141,  Score  1.9,  7th  percentile,  Begins  April  1st,  2010. 
(Co-Investigator,  Charles  E.  Butler,  Plastic  Surgery) 

•  For  repair  and  reconstruction  of  abdominal  wall  musculofascia  due  to 
tumor  resections  and  hernias.  Has  both  basic  science  and  translational 
science  components. 

•  The  preliminary  data  for  this  grant  was  obtained  in  combination  from  my 
NIH  R21  and  the  nano  grant  from  Alliance  for  NanoHealth/  Department  of 
Defense  TATRC  funds. 

Translation  to  Military  Medicine 

The  design  and  development  of  biodegradable  matrices  that  will  replace  the 
native  tissue  without  necrosis  or  scar  formation  is  a  challenging  area  of  research. 
The  composition,  architecture,  and  mechanical  properties  of  the  scaffold  or 
matrix  are  important  criteria  for  bone  formation  due  to  its  load  bearing  properties. 
The  structural  and  biological  characteristics  also  control  the  initial  inflammatory 
response,  cell  conductivity  or  infiltration,  generation  of  the  neo-ECM, 
biodegradation  of  the  biomaterial  scaffold,  mechanical  properties  of  the 
remodeled  or  regenerated  tissue,  vascularization,  mineralization,  and 
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differentiation  of  bone  cells.  The  critical  balance  that  needs  to  be  maintained  in 
the  wound  healing  of  load  bearing  tissues  such  as  bone,  is  that  the  degradation 
rate  of  the  implanted  biomaterial  should  equal  the  deposition  of  new  matrix  so 
that  mechanical  strength  is  not  compromised. 

The  hurdles  in  regenerative  tissue  engineering  can  be  overcome  by  developing 
structurally  engineered  3-D  scaffolds  using  biological  sources  whose  micro  and 
macro  structure,  mechanical  properties,  and  chemical  composition  can  be 
designed  based  on  the  clinical  need.  The  present  funded  work  provides  such 
strategy  to  design  regenerative  biomaterials  from  nano  to  macro  level  per  patient 
specific  need  for  guided  regeneration  of  tissues.  In  the  military,  patients  that  have 
major  injuries  due  to  trauma  or  other  accidents  in  the  battlefield  will  benefit  from 
this  research  since  many  of  these  injuries  are  in  the  maxillofacial  region.  This 
work  provides  an  unique  way  to  promote  Vascularization  and  guide  the 
regeneration  of  critical  sized  defects  in  patients  with  maxillofacial  injuries. 

Scientific  Publications,  Abstracts,  &  Presentations 

The  publication  resulting  from  this  work  is  attached  (Gupta  V,  Davis  G,  Gordon  A, 
Altman  A,  Reece  G,  Gascoyne  P,  Mathur  AB,  Endothelial  and  Stem  Cell 
Interactions  on  Dielectrophoretically  Aligned  Fibrous  Silk  Fibroin-Chitosan 
Scaffolds,  Journal  of  Biomedical  Materials  Research,  Accepted  October 
2009). 

Funding  Received  as  a  result  of  the  seed  funds 

We  have  submitted  for  further  support  from  the  N I  FI  as  an  R01 . 

•  Principal  Investigator,  Engineered  Biologies  for  Repair  of  Abdominal  Wall 
Musculofascia,  NIH  R01AG034658,  National  Institute  on  Aging  (NIH/  NIA), 
$1,902,141,  Score  1.9,  7th  percentile,  Begins  April  1st,  2010. 
(Co-Investigator,  Charles  E.  Butler,  Plastic  Surgery) 

•  For  repair  and  reconstruction  of  abdominal  wall  musculofascia  due  to 
tumor  resections  and  hernias.  Has  both  basic  science  and  translational 
science  components. 

•  The  preliminary  data  for  this  grant  was  obtained  in  combination  from  my 
NIH  R21  and  the  nano  grant  from  Alliance  for  NanoHealth/  Department  of 
Defense  TATRC  funds. 
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Abstract:  Regenerative  tissue  engineering  requires  biomateri¬ 
als  that  would  mimic  structure  and  composition  of  the  extracel¬ 
lular  matrix  to  facilitate  cell  infiltration,  differentiation,  and 
vascularization.  Engineered  scaffolds  composed  of  natural  bio¬ 
materials  silk  fibroin  (SF)  and  chitosan  (CS)  blend  were  fabri¬ 
cated  to  achieve  fibrillar  nano-structures  aligned  in  three- 
dimensions  using  the  technique  of  dielectrophoresis.  The  effect 
of  scaffold  properties  on  adhesion  and  migration  of  human  adi¬ 
pose-derived  stem  cells  (hASC)  and  endothelial  cells  (HUVEC) 
was  studied  on  SFCS  (micro-structure,  unaligned)  and  engi¬ 
neered  SFCS  (E-SFCS;  nano-structure,  aligned).  E-SFCS  consti¬ 
tuted  of  a  nano-featured  fibrillar  sheets,  whereas  SFCS  sheets 
had  a  smooth  morphology  with  unaligned  micro-fibrillar  exten¬ 
sions  at  the  ends.  Adhesion  of  hASC  to  either  scaffolds 


occurred  within  30  min  and  was  higher  than  HUVEC  adhesion. 
The  percentage  of  moving  cells  and  average  speed  was  highest 
for  hASC  on  SFCS  scaffold  as  compared  to  hASC  cocultured 
with  HUVEC.  HUVEC  interactions  with  hASC  appeared  to  slow 
the  speed  of  hASC  migration  (in  coculture)  on  both  scaffolds.  It 
is  concluded  that  the  guidance  of  cells  for  regenerative  tissue 
engineering  using  SFCS  scaffolds  requires  a  fine  balance 
between  cell-cell  interactions  that  affect  the  migration  speed  of 
cells  and  the  surface  characteristics  that  affects  the  overall  ad¬ 
hesion  and  direction  of  migration.  ©  2009  Wiley  Periodicals,  Inc.  J 
Biomed  Mater  Res  Part  A:  00A:  000-000,  2010 

Key  Words:  silk  fibroin,  stem  cells,  dielectrophoresis,  scaf¬ 
fold,  cell  migration,  nanostructure 


INTRODUCTION 

Cellular  interactions  at  the  molecular  scale  are  important  to 
elucidate  the  parameters  necessary  for  complex  tissue  for¬ 
mation  using  biomaterials  or  matrices.  Reconstruction  and 
regeneration  of  complex  tissues  using  biodegradable  matri¬ 
ces  requires  molecularly  engineered  design,  which  can  guide 
tissue  formation  without  scarring  and  is  therefore  a  chal¬ 
lenging  area  of  research.  Most  currently  available  biomateri¬ 
als  used  in  the  area  of  reconstruction  or  repair  are  not 
designed  to  regenerate  tissue  but  to  cover  or  fill  defects 
and/or  perform  a  mechanical  function.  A  regenerative  bio¬ 
material  is  defined  as  one  that  recruits  wound  healing  and 
precursor  cells  in  vivo  to  form  new  viable  and  vascularized 
tissue  to  repair  or  reconstruct  a  defect. 

The  composition  and  architecture  of  a  regenerative  bio¬ 
material  regulates  the  initial  inflammatory  response,  rate  of 
biodegradation,  vascularization,  cellular  infiltration  with 
stem  cells,  deposition  of  new  extracellular  matrix  (ECM), 
and  mechanical  properties  of  the  regenerated/remodeled 
tissue.  We  have  reported  that  the  blend  of  two  biologically 
derived  materials  silk  fibroin  (SF)  and  chitosan  (CS)  meets 
the  criteria  of  a  regenerative  biomaterial  as  it  supports  the 


regeneration  of  musculofascia1  and  bone2  in  two  different 
in  vivo  models.  Therefore,  with  the  established  regenerative 
potential  of  SFCS  scaffolds,  in  this  study,  we  investigated  the 
interactions  of  stem  cells  and  endothelial  cells  in  order  to 
identify  parameters  for  guidance  of  tissue  regeneration 
using  the  SFCS  biomaterial  system. 

Matrix-based  guidance  of  cells  to  form  structures  such 
as  blood  vessels  has  been  evidenced  during  in  vivo  angio¬ 
genesis,  where  capillary  sprout  endothelial  cells  and  peri¬ 
cytes  preferentially  migrate  along  elastic  fibers  found  in  the 
ECM  to  form  neovessels.3  The  critical  point  to  note  from 
this  study  was  the  fact  that  the  capillary  sprout  endothelial 
cells  can  use  existing  fibers  in  the  ECM  as  substrate  to  guide 
microvascular  growth.  As  SF  is  a  fiber  forming  polymer4 
and  has  shown  in  vivo  regenerative  capacity1,2  in  our  previ¬ 
ous  studies,  we  used  the  technique  of  dielectrophoresis  to 
organize  the  structure  of  SFCS  scaffolds  at  the  nanoscale  in 
three  dimensions  (3-D)  similar  to  the  ECM. 

Previously,  dielectrophoretic  forces  have  been  used  for 
the  manipulation  of  microparticles  and  cells,5'6  collection  of 
macromolecules,7  nanoparticles,8  and  nanotubes.9  Nanofi- 
brous  structures  of  various  compositions  have  been  shown 
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to  have  many  applications  in  tissue  engineering,  biomedi¬ 
cine,  and  biotechnology.10,11  In  this  study,  the  use  of  dielec¬ 
trophoresis  to  achieve  the  formation  and  alignment  of  SF 
fibrils  within  a  3-D  scaffold  and  the  scaffold  properties  for 
the  guidance  of  cells  was  investigated. 

The  interactions  of  human  adipose  tissue  derived  stem 
cells  (hASC)  with  the  SFCS  scaffold  and  the  delivery  of  these 
cells  in  vivo  for  wound  healing  was  recently  explored  by  our 
group.12,13  In  this  study,  we  investigated  and  compared  the 
adhesion  and  migration  behavior  of  hASC  and  human  umbil¬ 
ical  vein  endothelial  cells  (HUVEC)  on  engineered  scaffolds 
(E-SFCS)  with  aligned  nanofibers  in  a  3-D  architecture  and 
our  conventional  first  generation  scaffolds  [SFCS]14  that  had 
features  of  smooth  sheets  with  microfibril  extensions.  This 
is  the  first  study  to  use  the  technique  of  dielectrophoresis 
to  fabricate  scaffolds  with  SF  fiber  alignment  in  3-D  and 
compare  the  HUVEC-hASC  interactions  on  two  scaffolds 
with  the  same  composition  but  different  morphological 
features. 

MATERIALS  AND  METHODS 

Silk  fibroin  and  chitosan  scaffold  preparation 

Raw  silk  was  obtained  from  the  Korean  Sericulture  Institute 
and  originated  from  Sau  Paulo,  Brazil  (Kindly  donated  by 
Dr.  Sam  Hudson,  North  Carolina  State  University,  Raleigh, 
NC).  High  molecular  weight  CS  (82.7%  deacetylation)  was 
obtained  from  Sigma-Aldrich  (St.  Louis,  MO).  The  blend  of 
75:25  SF  and  CS  was  prepared  as  described  previously.14 
Briefly,  raw  silk  was  degummed  (removal  of  sericin  coating) 
in  0.25%  (w/v)  sodium  carbonate  and  0.25%  (w/v)  sodium 
dodecylsulfate  (Sigma-Aldrich)  for  1  h  at  100°C.  The 
degummed  silk  (SF)  was  then  dissolved  in  calcium  nitrate 
tetrahydrate  and  methanol  solution  (molar  ratio  of  1:4:2 
Ca:H20:Me0H)  at  65°C.  CS  was  dissolved  in  2%  acetic  acid 
solution  at  the  same  concentration  as  SF  solution  and  was 
mixed  together  in  a  ratio  of  1:3  (1  part  CS  and  3  parts  SF) 
to  prepare  75:25  SFCS.  The  SFCS  scaffolds  (controls, 
unaligned,  micro-fibrils)  were  prepared  by  freezing  75:25 
SFCS  blend  at  — 80°C  overnight  and  then  lyophilizing  for  24 
h.  The  dry  scaffolds  were  treated  with  50:50  (v/v)  metha- 
nobsodium  hydroxide  (1  N)  solution  for  15  min  to  crystal¬ 
lize  the  SF  and  neutralize  remaining  acidity  of  the  chitosan. 
Later  the  scaffolds  were  left  overnight  in  1  N  sodium  hy¬ 
droxide  solution.  The  scaffolds  were  washed  several  times 
in  phosphate  buffer  saline  (PBS)  solution  (Lonza,  Walkers- 
ville,  MD)  to  equilibrate  the  pH  to  7.0.  The  SFCS  scaffolds 
were  sterilized  in  ethanol  solution  (70%)  overnight  under 
the  laminar  flow  hood  and  again  washed  with  PBS  several 
times  to  bring  the  pH  equal  to  7.0. 

E-SFCS  preparation  using  dielectrophoresis 

E-SFCS  scaffolds  were  prepared  using  dielectrophoresis 
technique.5  The  electrodes  were  interdigitated  triangular 
castellation  arrays  of  gold  on  top  of  a  glass  microscope 
slide,  and  were  fabricated  using  UV  photolithography  and 
FI  gold  etching  (Fig.  1).  SFCS  blend  solution  (0.5  mL)  was 
pipetted  on  to  the  electrode.  The  electrode  was  connected 
to  an  AC  power  supply  (Agilent  33,220A  20MHz  Function/ 


Function  Oscilloscope  Micropattern  on 

generator  electrode 


FIGURE  1.  Images  of  the  dielectrophoresis  technique  (left)  and  trian¬ 
gular  castellations  on  micropatterned  electrode  (right). 


Arbitrary  Waveform  Generator),  and  a  100  kHz,  10  V(p-p) 
sine  wave  was  applied  across  the  sample  for  45  min  (Fig. 
1).  The  electrode  voltage,  field  frequency,  and  time  were 
optimized  for  better  alignment  of  SF  fibers.  The  fibers  col¬ 
lect  to  the  electrode  tips  of  the  triangular  micropattern  and 
move  to  the  gaps  by  repulsion  of  fibers.  The  scaffold  was 
then  frozen  in  liquid  N2  vapors  and  lyophilized.  E-SFCS  scaf¬ 
fold  was  then  crystallized  and  sterilized  as  mentioned  ear¬ 
lier  for  SFCS  scaffolds. 

The  model  of  self  assembly  of  SF  fibrils  in  3-D  SFCS 
scaffold  using  dielectrophoresis  is  described  as- 

If  a  rod-shaped  particle  is  placed  in  an  inhomogeneous 
alternating  electric  field,  it  will  experience  a  time-averaged, 
translational  dielectrophoretic  force  due  to  induced  dipolar 
effects15-18  given  by- 

FdEP  =  g  £m/cMV|E2|  (1) 

Where,  ‘a’  is  the  radius  of  the  rod  and  ‘b’  is  its  length,  ££ 
and  £*  are  the  complex  permittivities  of  the  particle  and  its 
suspending  medium,  respectively,  and  V|E2|  is  the  gradient 
of  the  magnitude  of  the  electric  field  squared.  /CM  is  the  so- 
called  Clausius-Mossotti  factor  which  describes  the  fre¬ 
quency-dependent  dielectric  characteristics  of  the  particle 
and  its  suspending  medium, 


/cm  =  Re 


*  _  *  'j 

P  m  I 

£p  +  2smj 


(2) 


Quadrupole  and  higher  dielectric  terms,  ignored  here, 
may  be  included  if  required.16-18  Equation  (2)  shows  that 
the  dielectrophoretic  force  is  attractive  or  repulsive  depend¬ 
ing  on  whether  the  polarizability  of  the  particle  is  greater 
or  less  than  that  of  its  suspending  medium,  respectively. 
The  complex  permittivity  of  a  particle  may  be  expressed  in 
terms  of  core  dielectric  (£p),  core  conductivity  (tTp),  and  sur¬ 
face  (interfacial)  conductivity  (Ks)  properties  as 
£p  =  £p  —  ^(<rp  +  yp).  where  j  =  \/— 1  and  co  is  the  angular 
frequency  of  the  applied  electric  field.19  Even  when  the  par¬ 
ticle  core  is  less  polarizable  than  the  suspending  medium, 
the  surface  conductivity  term  will  overwhelm  the  intrinsic 
particle  properties  and  lead  to  attractive  dielectrophoretic 
forces  below  some  crossover  frequency  at  which  Ref/cni)  = 
0.  Solving  Eq.  (2)  for  this  condition  yields 
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+  (^+(7p  +  2t7m)lJ 

w  =  V - 7 - ’  y - - - ’  (3) 

[Em  Ep)[Sp  -p  2em) 

Of  significance  to  the  molecular  assembly  work  pro¬ 
posed  here  for  elongating  silk  proteins  is  that  the  radius  of 
the  particle,  a,  affects  the  contribution  made  by  surface  con¬ 
ductivity  to  the  magnitude  and  sign  of  the  dielectrophoretic 
force.  To  illustrate  this,  the  crossover  frequency  is  plotted  at 
right  for  aqueous  solutions  of  1  to  16  mS/m  conductivity,  a 
core  protein  dielectric  constant  of  4e0,  and  a  surface  con- 
F2  ductivity  of  2  nS,  as  a  function  of  particle  radius  (Fig.  2). 
The  plot  shows  that  small  radius  (<100  nm)  molecules  ex¬ 
perience  dielectrophoretic  attraction  to  electrode  tips  even 
at  high  frequencies.  However,  the  crossover  frequency 
decreases  sharply  and  becomes  negative  if  molecular  assem¬ 
bly  into  solid  fibers  of  sufficiently  large  radius  occurs.  The 
threshold  radius  for  which  the  crossover  frequency  drops 
off  rapidly  is  determined  by  the  suspension  medium  condi¬ 
tions.  This  shows  that  it  should  be  possible  to  concentrate 
and  orient  small  radius,  elongate  molecules  by  strong  attrac¬ 
tive  dielectrophoretic  forces  at  the  electrode  tips  yet  repel 
larger  radius  assembly  products  toward  low  field  regions 
between  the  electrodes.  Once  focused  and  oriented  in  low 
field  regions,  additional  assembly  to  form  much  larger 
structures  can  proceed.  The  advantages  of  this  scheme  are 
that  a  continuous  assembly  process  is  enabled  in  which  the 
electrode  tips  remain  clear  of  assembled  material  and  in 
which  very  large  fibers  can  be  assembled  in  extensive,  ori¬ 
ented  "bay”  regions  between  rows  of  electrode  tips.  In  this 
way,  the  scale  of  the  assembled  fibers  may  be  significantly 
larger  than  the  scale  of  the  electrode  tips.  This  methodology 
provides  the  possibility  of  creating  oriented  fiber  assemblies 
in  3-D  through  repulsion  from  two-dimensional  (2-D)  elec¬ 
trode  planes  because,  while  positive  dielectrophoresis 
depends  on  high  field  regions  that  can  only  be  produced  at 
localized  structures,  negative  dielectrophoresis  can  concen¬ 
trate  matter  away  from  structures  and  surfaces. 

Cell  culture 

hASC  were  obtained  from  InGeneron  Inc.  (Houston,  TX)  and 
cultured  in  a-minimum  essential  medium  (Gibco,  Grand 
Island,  NY)  containing  20%  fetal  bovine  serum,  2  m M  L-glu- 
tamine,  100  U/mL  penicillin,  and  100  fig/mL  streptomy¬ 
cin.13,20  HUVEC  were  obtained  from  Cascade  Biologies  (Port¬ 
land,  OR)  and  cultured  in  Medium  200  containing  low 
serum  growth  supplements  (Cascade  Biologies).  Both  hASC 
and  HUVEC  were  cultured  at  37°C  in  100%  humidified 
atmosphere  with  5%  C02  supply.  Passages  from  3  to  6  were 
used  for  both  cell  types  in  all  the  experiments. 

Polarized  light  microscopy 

SFCS  and  E-SFCS  were  imaged  using  polarizer,  crossed-ana- 
lyzer,  and  a  red  retardation  plate  (A  =  530-560  nm) 
attached  to  Olympus  1X70  (Olympus,  Center  Valley,  PA) 
microscope.  Polarized  light  microscopy  was  used  to  assess 


the  alignment  and  orientation  of  the  fibrils  within  the 
scaffold. 


Scanning  electron  microscopy  (SEM) 

SFCS  and  E-SFCS  scaffolds  were  cut  (6  mm  diameter)  to  fit 
96-well  cell  culture  plate  and  kept  at  the  bottom  of  the 
plate.  The  scaffolds  were  seeded  with  300,000  cells  (hASC 
or  HUVEC  or  both  cell  types  together)  per  well  and  incu¬ 
bated  for  30  min  at  37°C.  The  scaffolds  were  washed  two 
times  with  PBS  to  remove  unattached  cells  and  then  fixed  in 
2%  paraformaldehyde  and  3%  glutaraldehyde  solution. 
Unattached  cells  were  counted  to  calculate  the  percent  ad¬ 
hesion  of  cells  to  scaffolds.  The  cell-seeded  scaffolds  were 
imaged  using  JSM-590  scanning  electron  microscope  (JEOL, 
USA,  Inc.,  Peabody,  MA)  as  described  before.12 


Cytokinetic  study  using  time-lapse  confocal  microscopy 

The  hASC  were  transfected  with  green  fluorescent  protein 
(GFP)  using  lentiviral  construct  as  described  previously.21,22 
Briefly,  1  million  cells  were  infected  with  lentiviral  construct 
and  cultured  in  CMV-eGFP  lentivirus-containing  medium 
(1.2  million  virus  particles/mL  medium)  with  8  /(g/mL  poly- 
brene  (Sigma-Aldrich,  St.  Louis,  MO).  GFP-positive  cells  were 
later  sorted  using  FACSVantage  SE  cell  sorter  (Becton-Dick- 
inson,  Franklin  Lakes,  NJ)  and  cultured  in  ot-minimum  essen¬ 
tial  medium  as  earlier.  HUVEC  were  labeled  with  Dil  dye 
(Invitrogen,  Carlsbad,  CA),  which  bind  to  cell  membrane. 
First,  2  million  HUVEC  were  suspended  in  2  mL  of  Hanks 
Balanced  Salt  solution  (Lonza)  and  0.5  /<L  of  Dil  (from  10 
mg/ml  Dil  stock  in  EtOH)  was  added  in  dark.  Both  hASC 
and  HUVEC  were  also  labeled  for  nucleus  stain  using 
Hoechst  dye  (Sigma-Aldrich;  5  fig  per  million  cells).  After 
the  addition  of  dyes  under  limited  light  conditions,  the  cell 
suspension  was  incubated  at  37°C  for  5  min  then  at  4°C  for 
15  min  and  again  at  37°C  for  30  min  ending  with  30  min  at 
room  temperature.  The  cell  suspension  was  centrifuged  at 
1500,g  for  10  min  and  the  pellet  was  suspended  in  the  cul¬ 
ture  medium.  The  ethanol-sterilized  E-SFCS  and  SFCS  scaf¬ 
folds  were  cut  and  kept  at  the  bottom  of  96-well  plate.  Flu- 
orescently  labeled  hASC  and  HUVEC  (total  100,000  cells  per 
well)  were  seeded  on  top  of  scaffolds  either  single  or  in  co¬ 
culture.  After  30  min,  unattached  cell^  were  washed  with 
PBS  and  the  cell-seeded  scaffolds  were  imaged  using  confo¬ 
cal  fluorescence  microscope  Olympus  1X81  (Olympus,  Center 
Valley  PA,  USA)  every  15  min  for  4  h.  Later,  the  images 
were  processed  for  cytokinetic  data  calculations  (cell  speed 
and  persistence  time)  using  Slidebook  software  (Intelligent 
Imaging  Innovations  GmbH,  Gottingen,  Germany).  Persist¬ 
ence  time  is  the  length  of  time  before  the  cell  changes  its 
direction  of  movement  significantly.23,24  The  "average  speed" 
of  the  cell  and  "persistence  time”  are  the  parameters  used 
commonly  to  analyze  the  cell  migration  on  a  particular  sub¬ 
strate.  As  not  all  focus  areas  (frames)  during  time-lapse  con- 
focal  microscopy  imaged  moving  cells,  we  captured  more 
than  one  frame  on  a  single  sample. 
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FIGURE  2.  Plot  of  crossover  frequency  versus  particle  radius  for  aque¬ 
ous  solutions  of  1  to  16  mS/m  conductivity,  a  core  dielectric  constant 
of  4,  and  a  surface  conductivity  of  2  nS  in  order  to  illustrate  the  self- 
assembly  of  silk  fibroin  and  chitosan  polymers  in  to  fibrils  under 
dielectrophoretic  forces.  [Color  figure  can  be  viewed  in  the  online 
issue,  which  is  available  at  www.interscience.wiley.com.] 

Statistical  analysis 

The  data  was  compared  statistically  using  SigmaStat  pro¬ 
gram.  The  level  of  significance  was  chosen  as  p  <  0.05. 
Two-way  ANOVA  was  performed  with  scaffold  type  (E-SFCS 
versus  SFCS)  as  factor  1  and  cell  type  (hASC  versus  HUVEC] 
as  factor  2  to  analyze  the  results  of  adhesion  and  migration. 
Also,  post  hoc  Tukey  test  was  used  for  pair-wise  compari¬ 


sons.  All  data  was  represented  as  mean  ±  standard  error  of 
mean. 


RESULTS 

Comparison  of  SFCS  and  E-SFCS  scaffold  morphology 

SF  fibril  and  polymer  chain  alignment  within  the  fibril  was 
studied  previously  using  polarized  light  microscopy  using  a 
polarizer,  analyzer,  and  a  red  retardation  plate  [Fig.  3 (A]]. 4  F3 
Under  the  polarizer-analyzer  with  no  red  plate,  the  white 
aligned  fibrils  embedded  in  the  black  are  observed,  where 
white  regions  indicate  alignment  of  polymer  chains  within 
the  SF  fibrils  and  black  areas  are  unaligned  regions  of  the 
SFCS  scaffold  [Fig.  3(B)],  Fibrils  showed  distinct  alignment 
at  45°  angle  to  the  electrode  bars.  Under  the  red  retardation 
plate,  SF  polymer  chains  distinctly  reflect  blue  showing  that 
polymer  chains  within  the  fibrils  aligned  primarily  parallel 
to  the  fibril  direction  [Fig.  3(C)].  As  fiber  assemblies  begin 
to  grow  in  thickness  and  length,  their  dielectric  properties 
change  and  they  are  repelled  into  the  gaps  between  electro¬ 
des  where  they  assemble  into  larger  fibers  (~50  /tm)  that 
are  aligned  along  the  negative  dielectrophoretic  regions. 

Moving  along  the  z-axis  of  the  assembled  scaffold,  it  was 
observed  that  the  E-SFCS  was  composed  of  layered  sheets 
of  aligned  fibers.  Flowever,  SFCS  scaffold  showed  no  such 
alignment  of  fibrils  as  previously  reported.14  The  surfaces  of 
E-SFCS  sheets  [Fig.  4(A)]  were  featured  with  nanofibers  F4 
(97.2  ±  2.7  nm)  and  ridges  (0.51  ±  0.03  /tm)  whereas  the 
surface  of  SFCS  scaffold  was  smooth  with  micro  projections 
on  the  edges  [Fig.  4(B)]  as  determined  with  the  SEM  image 
analysis.  Higher  magnification  images  of  Figure  4(A,B)  are 


FIGURE  3.  A:  Schematic  of  polarizer  and  analyzer  positions.  B:  Brightfield  light  microscopic  image  of  E-SFCS  showing  parallel  fibers.  C:  Polar¬ 
ized  light  microscopic  image  of  E-SFCS.  Parallel  fibers  are  visible  as  blue.  [Color  figure  can  be  viewed  in  the  online  issue,  which  is  available  at 
www.interscience.wiley.com.] 


4  GUPTA  ETAL. 


ENGINEERED  SILK  FIBROIN-CHITOSAN  SCAFFOLDS 


ID:  kumarik  I  Black  Lining:  [ON]  I  Time:  16:46  I  Path:  N:/3b2/JBMM/Vol00000/090350/APPFile/C2JBMM090350 


JJD:  ZA1  Customer  AJD:  09-0509. R1  Cadmus  Art:  JBMM  32720  Date:  3-December-09 


Stage:  Page:  5 


ORIGINAL  ARTICLE 


FIGURE  4.  Representative  SEM  images  of  cell-seeded  scaffolds.  A: 
Single-culture  HUVEC  seeded  on  top  of  E-SFCS,  arrow  indicates  the 
nanofibers  and  ridges  on  scaffold  surface.  B:  Single-culture  hASC 
seeded  on  top  of  SFCS.  C:  Coculture  of  HUVEC  and  hASC  seeded  on 
E-SFCS  scaffold  showing  the  interactions  of  HUVEC-HUVEC  and 
HUVEC-hASC  through  cell  extensions. 


F5  also  shown  in  Figure  5  for  enhanced  view  of  scaffold 
morphology. 


Endothelial  and  stem  cell  adhesion  to  SFCS  and 
E-SFCS  scaffolds 

Both  HUVEC  and  hASC  adhered  to  SFCS  and  E-SFCS  scaf¬ 
folds  within  30  min  (Fig.  4).  Although  the  cells  interacted 
with  the  nanofeatures  of  E-SFCS  surface  [Fig.  4(A)],  the 
larger  microfibrillar  extensions  of  the  SFCS  captured  the  rel¬ 
atively  smaller  cells  at  the  edges  of  the  scaffold  as  the  sur¬ 


face  of  the  SFCS  was  comparatively  smooth  [Fig.  4(B)],  The 
surface  of  HUVEC  appeared  to  be  smoother  than  the  porous 
and  hairy  surface  of  hASC.  In  coculture  of  HUVEC  and  hASC, 
HUVEC-HUVEC,  and  HUVEC-hASC  interacted  via  cellular 
extensions  [Fig.  4(C)].  Figure  5  shows  the  high  magnification 
view  of  the  cells  adherent  to  the  nanostructured  surface  of 
E-SFCS  [Fig.  5(A)]  and  the  smooth  surface  of  SFCS  [Fig. 
5(B)].  More  than  85%  cells  adhered  to  the  scaffolds  within 
30  min  of  incubation  on  both  scaffold  types  (Fig.  6).  Percent 
adhesion  of  hASC  to  SFCS  (98.7%  ±  0.3%)  and  E-SFCS 
(96.3%  ±  0.7%)  scaffolds  was  significantly  higher  (p  < 
0.05)  than  HUVEC  on  SFCS  (91.7%  ±  1.8%)  and  E-SFCS 
(89.7%  ±  2.7%).  However,  there  was  no  significant  differ¬ 
ence  in  the  overall  percentage  of  adherent  cells  between 
SFCS  and  E-SFCS  scaffolds. 


FIGURE  5.  High  magnification  images  of  cells  seeded  on  (A)  E-SFCS, 
where  the  arrow  indicates  the  nanofibers  and  (B)  SFCS  showing  the 
morphology  of  the  scaffolds. 
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Cell  Adhesion  to  Scaffolds  ■ HUVEC 

EhASC 


SFCS  E-SFCS 


FIGURE  6.  Percentage  adherence  of  HUVEC  and  hASC  on  SFCS  and 
E-SFCS  scaffolds  after  30  min  of  seeding  (n  =  3).  *p  <  0.05  vs.  hASC 
on  SFCS,  *p  <  0.05  vs.  hASC  on  E-SFCS. 

Endothelial  and  stem  cell  migration  and  kinetics  on 
SFCS  and  E-SFCS  scaffolds 

Cells  migrate  on  both  SFCS  and  E-SFCS  scaffolds  as  a  function 
of  time.  Cell  movement  was  tracked  over  time  (up  to  4  h)  as 

F7  shown  in  Figure  7  and  the  video  can  be  viewed  at  http:// 
video.google.com/videoplay?docid=4866859754121817448. 

T1  Table  I  shows  the  cytokinetic  data  collected  after  cell 
tracking.  The  average  speed  was  highest  for  single-culture 
hASC  adherent  to  SFCS  (18.5  ±  9.3  pm/h)  and  was  signifi¬ 
cantly  higher  than  single-culture  HUVEC  (p  <  0.001),  cocul¬ 
ture  HUVEC  (p  <  0.001),  and  co-culture  hASC  ( p  <  0.001) 
adherent  to  SFCS  surface.  Similarly,  on  the  E-SFCS  scaffold 
the  average  speed  was  higher  (p  <  0.1)  for  single-culture 
hASC  than  co-culture  hASC.  Interestingly,  the  speed  of  single 
culture  hASC  was  higher  (p  <  0.05)  on  SFCS  than  E-SFCS. 
Persistence  times  of  the  cells  were  comparable  on  either 
type  of  scaffolds  except  for  coculture  HUVEC,  which  was  sig¬ 
nificantly  lower  (p  <  0.05)  on  E-SFCS  (13.4  min)  than  SFCS 
scaffold  (35  min). 

Percentage  of  moving  cells  in  each  image  frame  during 
4  h  of  imaging  time  was  also  calculated.  The  percentage  of 
moving  cells  was  highest  for  single-culture  hASC  (40.3  ± 
5.6%)  as  compared  to  single-culture  HUVEC  (p  <  0.05),  co- 


FIGURE  7.  Confocal  fluorescence  microscope  image  of  cells  moving 
on  top  of  SFCS  scaffold.  hASC  are  labeled  green  and  HUVEC  as  blue 
with  red  cell  membrane.  The  movement  of  cells  was  tracked  as 
shown  by  the  tracking  lines.  [Color  figure  can  be  viewed  in  the  online 
issue,  which  is  available  at  www.interscience.wiley.com.] 

culture  HUVEC  (p  <  0.05),  and  coculture  hASC  (p  <  0.001), 
when  adherent  to  SFCS  scaffold.  In  contrast,  percentage  of 
moving  single  and  coculture  HUVEC  and  hASC  adherent  to 
E-SFCS  scaffolds  showed  no  significant  difference  amongst 
these  groups.  However,  percent  of  moving  cells  for  single¬ 
culture  hASC  (p  <  0.01)  and  coculture  HUVEC  (p  <  0.05) 
were  significantly  lower  on  E-SFCS  as  compared  to  SFCS 
scaffold. 

When  both  cell  types  were  grouped  together  to  compare 
differences  between  surfaces  and  assess  overall  cellular  ad¬ 
hesion  and  migration.  The  persistence  time  was  found  to  be 
significantly  higher  (p  <  0.05)  for  cells  adherent  to  SFCS 
(34.9  ±  3.2  min)  as  compared  to  E-SFCS  (27.7  ±  3.6 
minutes)  [Fig.  8(A)],  Similarly,  the  percentage  of  moving 
cells  was  significantly  higher  (p  <  0.05)  for  cells  adherent 
to  SFCS  (10.4  ±  2.4%)  as  compared  to  E-SFCS  (4.1  ±  1.9%) 
[Fig.  8(B)],  However,  even  after  grouping  the  cell  type,  aver¬ 
age  speed  of  the  cells  was  not  significantly  different  when 
adherent  to  either  SFCS  or  E-SFCS  [Fig.  8(C)], 


TABLE  I.  Cytokinetic  Data  for  Cell-Seeded  SFCS  and  E-SFCS  Scaffolds 


Scaffold  Type 

Cell  Type  and  Culture 

Average  Speed 
(pm/h) 

Persistance  Time 
(min) 

%  of  Moving  Cells 
(Image  Frames) 

SFCS 

Single-culture  HUVEC  (n  =  3) 
Single-culture  hASC  (n  =  12) 
Co-culture  HUVEC  (n  =  18) 
Co-culture  hASC  (n  =  8) 

1.3  ±  0.7* 

18.5  ±  9.3 

3.1  ±  0.5* 

2.0  ±  0.3* 

46.7  ±  6.7 

41.4  ±  24.7 

35.2  ±  4.7 

23.9  ±  2.7 

3.6  ±  2.2**  (3) 
40.3  ±  5.6  (3) 

11.5  ±  3.8**  (23) 
5.8  ±  3.0*  (23) 

E-SFCS 

Single-culture  HUVEC  ( n  =  4) 
Single-culture  hASC  (n  =  6) 
Co-culture  HUVEC  (n  =  3) 
Co-culture  hASC  (n  =  3) 

5.1  ±  2.2 

11.1  ±  3.7** 

3.6  ±  0.6 

1.8  ±  0.6 

28.9  ±  8.7 

37.9  ±  5.2 

13.4  ±  0.8* 

19.8  ±  1.8 

6.0  ±  2.3  (4) 

5.4  ±  3.0*  (3) 
0.74  ±  0.74*  (15) 
6.7  ±  4.5  (15) 

Data  is  represented  as  mean  ±  SEM. 

*p  <  0.001  vs.  single  culture  hASC  on  SFCS. 
**p  <  0.05  vs.  single  culture  hASC  on  SFCS. 
*p  <  0.01  vs.  single  culture  hASC  on  SFCS. 
*p  <  0.01  vs.  single  culture  hASC  on  SFCS. 
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FIGURE  8.  Cytokinetic  data  after  combining  hASC  and  HUVEC  both  in 
single  and  co-culture  on  SFCS  and  E-SFCS  scaffolds  during  4  h  of  flu¬ 
orescence  imaging.  *p  <  0.05  vs.  E-SFCS. 


DISCUSSION 

In  this  study,  the  technique  of  dielectrophoresis  was  used 
for  the  first  time  to  engineer  SFCS  scaffolds  with  aligned  SF 
fibrils  and  nano-featured  architecture  self  assembled  in  3-D 
in  order  to  investigate  endothelial  cell  and  stem  cell  interac¬ 
tions  for  regenerative  medicine  applications.  The  cell  migra¬ 
tion  study  showed  that  the  nano-fibrillar  architecture  of  the 
E-SFCS  surface  promoted  adhesion,  which  slowed  the  migra¬ 
tion  of  stem  cells.  Additionally,  HUVEC  in  co-culture  with 
stem  cells  slowed  the  migration  of  stem  cells  regardless  of 


the  scaffold  architecture.  Overall,  while  the  surface  charac¬ 
teristics  appear  to  affect  the  adhesion  and  direction  of 
migrating  cells,  the  speed  of  these  cells  appear  to  be  more 
influenced  by  cell-cell  interactions. 

Percentage  of  moving  cells  (within  4  h  time  frame)  was 
lower  on  the  E-SFCS  as  compared  to  the  SFCS  surface  for 
both  cell  types  suggesting  more  adherent  surface  of  E-SFCS 
[Fig.  8(B)].  Nanofibrous  substructures  on  the  E-SFCS  surface 
appear  to  provide  a  fertile  anchoring  surface  and  high  sur¬ 
face  to  volume  ratio  for  enhanced  cell  adhesion  as  sug¬ 
gested  by  previous  studies.11  Previous  studies  showed  that 
cell-substrate  adhesiveness  also  affect  the  migration  speed 
through  integrin  binding.25  We  also  found  that  the  speed  of 
hASC  reduced  significantly  on  E-SFCS  than  SFCS  scaffolds.  It 
has  been  recently  reported  that  HUVEC  express  more  adhe¬ 
sion  molecules  such  as  /?l-integrin  on  nano-fibrous  pure  SF 
nets  as  compared  to  micro-fibrous  SF  net  scaffolds.26 
HUVEC  prefer  to  adhere  to  the  nanostructured  surface  of 
the  E-SFCS  also,  however,  in  the  presence  of  hASCs  the  ones 
that  migrate  tend  to  change  their  directions  faster  on  nano¬ 
fibrous  surface  as  compared  to  the  smooth  surface  of  SFCS. 
This  peculiar  behavior  may  be  a  result  of  the  mixed  cues 
provided  by  the  aligned  nanofibrous  surface  of  E-SFCS  and 
hASCs  and  may  show  an  interesting  HUVEC  property  as  it 
balances  the  two  cues  for  guided  migration  along  the  length 
of  the  nanofibers.  Human  endothelial  cells  on  2-D  polysty¬ 
rene  surface  coated  with  1%  gelatin  have  been  shown  to 
migrate  at  a  speed  of  30  /im/h,27  which  is  much  higher  as 
compared  to  that  observed  for  HUVEC  on  SFCS  (1.3  /im/h) 
and  E-SFCS  (5.1  /tm/h)  scaffolds.  The  3-D  scaffolds  as  com¬ 
pared  to  2-D  polystyrene  surface  may  provide  higher  affin¬ 
ity  surface  to  HUVEC  and  hASC,  hence  relatively  lower 
migration  speed  as  is  evident  in  the  difference  between 
fewer  percentage  of  moving  cells  on  E-SFCS  than  SFCS  scaf¬ 
folds,  with  E-SFCS  perhaps  providing  a  more  adhesive  sur¬ 
face  due  to  its  nanofeatures 24  Various  other  cell  types  on 
different  surfaces  have  been  shown  to  have  speed  in  the 
range  of  10-138  /un/h  and  persistence  time  in  the  range  of 
27-300  min.12  The  persistence  time  for  cells  in  this  study 
was  in  the  range  of  13-47  minutes  and  the  average  speed 
was  1.3-18.5  /(m/h,  which  were  comparatively  lower  than 
other  studies.  Again,  these  lower  values  in  our  study  may 
be  because  of  the  3-D  architecture  and  the  biological  com¬ 
position  of  the  SFCS  scaffolds  as  opposed  to  the  2-D  sys¬ 
tems  composed  of  synthetic  material  or  gels  used  in  other 
studies.  To  our  knowledge,  this  is  the  first  study  to  investi¬ 
gate  the  cytokinetic  parameters  like  cell  migration  speed 
and  persistence  time  on  nano-structured  scaffolds. 

The  migration  speed  was  found  to  be  the  highest  among 
all  groups  for  hASC  on  SFCS  scaffold,  however  in  the  pres¬ 
ence  of  HUVEC  in  coculture,  the  migration  speed  reduced 
significantly.  HUVEC  are  known  to  be  quiescent  cells  unless 
activated  by  an  extracellular  signal  such  as  hypoxia,  stretch, 
or  a  biochemical.  We  observed  in  SEM  and  confocal  micros¬ 
copy  images  that  HUVEC  actively  interact  with  hASC  via  cel¬ 
lular  extensions.  In  coculture,  inter-cellular  signaling  may 
allow  HUVEC  to  communicate  with  hASC  and  reduce  their 
speed  of  migration.  A  limitation  in  this  cell  migration  study 
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was  the  shorter  time  capture  (only  up  to  4  h]  of  cytokinetic 
data  due  to  the  leaching  and  bleaching  of  fluorescent  dyes 
at  longer  times. 

SEM  images  confirmed  that  the  surface  of  E-SFCS  scaf¬ 
fold  was  textured  with  nano-fibers,  whereas  the  surface  of 
SFCS  scaffolds  was  very  smooth  with  micro-projections  on 
the  edge  of  the  sheets  as  was  reported  previously.14  In 
another  study,  we  reported  that  more  hASC  attach  to  the 
micro-projections  of  the  SFCS  scaffold  as  compared  to 
smoother  sheet  surface  of  the  SFCS  scaffold.12  Similarly,  this 
study  showed  that  more  cells  attached  to  nanofibrous  sur¬ 
face  of  the  E-SFCS  scaffold  as  compared  to  the  smooth  sur¬ 
face  of  the  SFCS  scaffold.  The  fibrillar  morphology  of  the  SF 
and  CS  derived  scaffolds  whether  it  was  micro  or  nano  pro¬ 
moted  adhesion  of  cells.  The  overall  affinity  of  cells  can  be 
rated  as  smooth  SFCS  <  micro  SFCS  <  nano  SFCS.  A  limita¬ 
tion  of  the  study  was  the  difference  in  thickness  of  E-SFCS 
scaffolds  produced  via  dielectrophoresis  as  compared  to  the 
SFCS  scaffolds  produced  using  conventional  techniques. 
Increasing  the  thickness  of  the  E-SFCS  scaffold  compromised 
the  alignment  of  fibrils  due  to  electrode  design,  although 
this  is  a  parameter  that  can  be  altered  and  designed  as 
needed  per  application. 

The  percentage  of  adherent  cells  to  either  type  of  scaf¬ 
folds  in  30  min  was  higher  for  hASC  than  HUVEC  probably 
due  to  the  higher  surface  area  provided  by  the  relatively 
rough/textured  extracellular  surface  of  the  hASC  as  com¬ 
pared  to  the  relatively  smoother  surface  of  the  HUVEC. 
Interestingly,  the  overall  cellular  adhesion  of  HUVEC  and 
hASC  was  similar  on  SFCS  and  E-SFCS,  regardless  of  struc¬ 
tural  differences. 

CONCLUSIONS 

Dielectrophoresis  was  successfully  used  to  engineer  the 
SFCS  scaffolds  with  aligned  nanofiber  morphology.  Both 
SFCS  and  E-SFCS  scaffolds  facilitates  hASC  and  HUVEC  ad¬ 
herence,  migration,  and  interactions  although  to  variable 
extent.  More  cells  migrate  with  higher  persistence  time  on 
SFCS  than  E-SFCS.  HUVEC  appear  to  slow  the  speed  of  hASC 
migration  on  scaffolds  due  to  cell-cell  interactions  whereas 
the  surface  characteristics  affect  adhesion  and  direction  of 
migration.  Hence,  guidance  of  cells  for  the  purpose  of  com¬ 
plex  tissue  formation  may  require  manipulation  of  cellular 
interactions  with  its  substrate  at  the  nanoscale  and  E-SFCS 
may  provide  such  a  scaffold  for  tissue  regeneration,  though 
cell-cell  interactions  such  as  HUVEC-hASC  play  a  synergistic 
role  with  surface  characteristics,  and  has  to  be  balanced. 
Therefore,  a  balance  of  sub-structural  features  and  cell-cell 
interactions  has  to  be  interplayed  when  dealing  with  stem 
cells  in  vivo  to  reach  complete  control  of  the  regenerative 
process,  where  a  regulated  regeneration  is  reached  and 
unregulated  growth  is  minimized  in  tissue  engineered 
scaffolds. 
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2009,  Dr.  Nichols  communicated  to  our  university  that  she  was  unable  to 
complete  the  Year  2  report  due  to  Hurricane  Ike,  which  hit  the  Texas  Gulf  Coast 
in  September  2008  and  forced  parts  of  UTMB  to  shut  down  for  a  period  of 
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the  delinquent  report  as  well  as  continue  the  research.  Despite  invoicing 
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Background: 

Despite  recent  advances  in  the  chemotherapy  of  hematologic  malignancies,  a  large  proportion  of 
patients  remain  incurable.  ASCT  is  potentially  curative  treatment  strategy,  which  is  limited  by  the 
risk  of  re-infusion  of  residual  tumor  cells  in  the  graft.  While  numerous  purging  methods  have  been 
developed,  no  existing  method  removes  100%  of  the  tumor  cells  from  the  transplant.  The 
nanotechnology  of  fabricating  gold  and  silver  nanorods  has  only  recently  become  available.  This 
project  is  based  on  the  patented  method  of  LANTCET,  which  uses  gold  NRs  to  enable  selective  ex 
vivo  purging  of  tumor  cells  from  a  mixture  with  normal  cells.  Gold  and  silver  nanorods  (NR)  possess 
very  strong  optical  absorption  tunable  in  the  near-infrared  spectral  range  (650  nm  to  1100  nm)  by 
changing  their  aspect  ratio  (of  length  to  diameter).  NPs  can  be  targeted  specifically  to  tumor  cells 
using  monoclonal  antibodies  (MAB).  The  cells  loaded  with  gold  NR  can  be  detected  using 
photothermal  imaging  and  destroyed  by  laser-generated  microbubbles  (LMB)  of  vapor  that  emerge 
around  the  optically  absorbing  gold  NRs.  The  proposed  collaboration  is  aimed  at  developing  an 
image-guided  Laser  Assisted  NanoThermolysis  Cell  Elimination  Technique  (LANTCET)  for 
purging  of  leukemia  cells  from  autologous  bone  marrow  or  apheresis  grafts. 

AIMS: 

1.  Evaluate  efficacy  and  safety  of  LANTCET  technology  with  gold  nanorods  in  model  K562 
cells  based  on  protocols  established  earlier  for  spherical  gold  nanoparticles 

2.  Develop  optimized  protocol  of  conjugation,  protocol  of  cell  targeting,  and  protocol  of  laser 
treatment,  methods  for  analysis  of  treated  cells  (dead  and  live). 

Cells:  Tumor  model:  K562,  HL-60 
MAB:  CD33 

Nanoparticles:  Gold  nanorods  with  aspect  ratio  of  3.6  (wavelength  approximately  750-800  nm). 
Laser:  Pulsed  laser  680-850  nm,  energy  of  100  mJ  to  create  microbubbles  around  NR  clusters 

Methods 

1.  NR  detection  in  individual  cells:  Flow  Cytometry,  Fluorescence  Microscopy,  SEM,  Light 
Scattering  Microscopy,  silver  stain 

2.  Cell  damage  detection:  Concentration  count  (hemocytometer),  Flow  Cytometry  Viability  Count 
(live/dead  fluorescence  assay) 
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Summary  of  results: 


1.  Conjugation  of  nanorods  to  monoclocnal  antibody. 

For  successful  application  of  gold  nanorods  to  the  LANTCET  technology,  the  nanorods  must  be 
conjugated  to  monoclonal  antibodies  in  such  a  way  that  the  nanorods  do  not  aggregate,  antibodies 
remain  attached  to  the  nanorods,  and  the  antibodies  remain  active. 

Gold  nanorods  are  synthesized  in  0.1  M  CTAB  surfactant,  and  if  this  surfactant  is  removed,  the 
rods  will  aggregate.  Several  strategies  have  been  pursued  to  bioconjugated  rods  over  the  past  year1' 
4:  electrostatic  polymers,  lipid  conjugates,  organic  linkers,  etc.  Each  of  these  has  their  difficulties 
and  there  is  not  yet  a  published  method  for  targeting  nanorods  that  has  been  repeated  by  a  different 
group. 

We  started  out  with  Fiafner’s  method  of  PEGylating  the  nano  rods  and  using  an  SPDP  linker  to 
attached  antibodies  to  the  nanorod  surface.5  This  was  successful  in  strip  plate  assays,  but  several 
attempts  with  cells  failed  to 
show  any  sign  of  targeting. 

We  believe  the  difference  is 
that  in  the  strip  plate  assays 
could  incubate  for  12  hours  or 
more,  while  it  is  best  to 
incubate  with  cells  for  a 
shorter  time  to  show  true 
targeting.  This  suggests  that 
the  antibodies  were  on  the  rod, 
but  probably  somewhat 
blocked  by  the  PEG  layer 
causing  the  need  for  long 
incubations.  We  therefore 
moved  to  a  conjugation 
scheme  where  the  antibody  would  be  on  the  outside  of  the  PEG  layer  by  using  a  bifunctional  PEG 
which  exposes  a  carboxyl  group  at  the  free  end.  These  COOH-PEG-NR  were  then  coupled  to 
antibodies  by  standard  carbodiimide  chemistry  (NHS/EDC).  This  process  does  not  aggregate  the 
nanorods. 


Gold  Nanorod  Bioconjugation 

previous  strategy  new  strategy 


Figure  1.  The  previous  bioconjugation  strategy  (left)  puts 
antibodies  directly  at  the  gold  surface  with  a  linker  and  surrounds 
the  antibody  with  PEG.  The  new  strategy  (right)  puts  the  antibody 
at  the  end  of  the  PEG  chains. 
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We  have  also  developed 
simple  analytical  assays  to  test 
for  successful  conjugation. 

Although  accumulation  in  cells 
gives  the  final  proof,  many 
problems  can  arise  in  such 
experiments  that  are  not  related 
to  the  bioconjugates.  We 
conjugated  anti-rabbit  IgG 
labeled  with  Alexa  Fluor  488  to 
gold  nanorods  as  outlined  above. 

During  conjugation,  the 
nanorods  are  at  ca.  1  nM,  and  the 
AF488-IgG  is  at  ca.  200  nM,  so 
fluorometry  of  the  resulting 
solution  will  be  dominated  by 
free  AF488-IgG  that  is  not  bound 
to  the  nanorods.  We  therefore 
monitored  the  fluorometry  as  we 
took  the  conjugates  through 
several  rounds  of  centrifugation,  decant,  and  resuspension  in  buffer.  By  monitoring  the  fluorometry 
of  the  decants  (which  contain  the  free  IgG)  and  the  resuspended  nanorod  pellet  (which  contain  both 
the  remaining  free  and  bound  IgG),  we  can  measure  the  conjugation  yield.  The  fluorescence  spectra 
in  Figure  2  illustrate  the  method.  Subsequent  rounds  of  centrifugation  produce  decants  with 
subsequently  lower  concentration  of  free  AF488-IgG  and  therefore  lower  fluorescence,  until  the 
fluorescence  signal  reaches  its  noise  floor.  After  all  of  the  centrifugation  steps,  fluorometry  of  the 
resuspended  pellet  is  measured,  and  it  is  found  to  be  equivalent  to  the  3ld  decant.  This  is 
fluorescence  from  the  Af488-IgG  bound  to  nanorods,  and  its  concentration  is  also  on  the  order  of  1 
nM,  suggesting  approximately  1  IgG  per  nanorod,  which  is  reasonable  considering  their  small  size. 
This  measurement  is  actually  a  lower  limit  since  the  fluorescence  of  the  nanorod  solution  is  reduced 
due  to  absorption  of  the  nanorods. 

The  nanorod  conjugation  was  also  checked  by  electrokinetic  analysis.  The  following  table  lists 
the  zeta  potential  of  CTAB  stabilize  nanorods,  carboxylated  PEG  stabilized  nanorods,  and  finally 
AF488-IgG  conjugated  nanorods. 


CTAB-NR 

COOH-PEG-NR 

IgG-PEG-NR 

zeta  potential 

+85  +  2  mV 

-19  ±2  mV 

-5  ±  2  mV 

The  positive  and  negative  values  for  cationic  CTAB  and  anionic  COOH-PEG  were  expected.  Upon 
antibody  conjugation,  the  zeta  potential  change  to  -5mV  +/-  2  mV  suggests  a  new  molecule  at  the 
surface.  The  expected  value  is  difficult  to  pin  down  since  IgG  pi’s  vary  significantly  and  this 
experiment  was  carried  out  with  polylonal  antibodies.  However,  the  zeta  potential  analysis 
confirms  that  there  has  been  a  molecular  change  at  the  surface  consistent  with  antibody  conjugation. 
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2.  Target  nanorods  to  model  K  562  and  HL-60  cells,  detect  NR  clusters  in  cells. 


In  the  initial  studies,  we  utilized  commercial  (Ted  Pella)  20  nm  streptavidin-conjugated  nanospheres, 
either  alone  or  conjugated  to  CD33  or  to  non-specific  antibody  C225.  We  examined  different 
conditions  of  nanospheres  targeting  to  leukemic  cells  HL-60  and  K562.  Different  conditions 
included  incubation  of  cells  with  NP  at  4°,  at  37°,  or  4°  incubation,  wash,  followed  by  incubation  at 
37°.  The  conditions  were  optimized  to  preserve  good  cell  viability  (>90%)  following  incubation  with 
NP.  The  successful  accumulation  of  NS  in  K562  cells  was  demonstrated  by  silver  staining  (Fig.  3). 


NS-CD33  NS-C225  NS 

(non-specific  antibody)  (no  antibody) 


NS  =  20nm  nanospheres  400X  total  magnification  All  samples  silver  stained 


Figure  3.  K562  or  HL-60  were  incubated  with 
nanospheres  alone,  CD33-conjugated  NS  or 
C225 -conjugated  NS  at  4°C  for  30  minutes, 
then  at  37°C  for  30  minutes,  followed  by  2x 
washing  in  PBS.  Cells  were  fixed  and  stained 
with  silver  stain.  Nanospheres  accumulation 
was  evident  in  K562  but  not  in  HL-60  cells. 


2.2.  In  a  separate  experiment,  K562  cells  were  incubated  either  with  bare  nanospheres  alone  or 
CD33-conjugated  NS  at  4°C  for  30  minutes,  then  at  37°C  for  30  minutes,  followed  by  2x  washing  in 
PBS.  Cells  were  fixed  and  subjected  to  electron  microscopy.  Nanospheres  accumulation  was  evident 
in  K562  cells  incubated  with  CD33-conjugated  NS. 


Figure  4.  K562  cells  were  incubated  with 
nanospheres  alone  (not  shown)  or  CD33- 
conjugated  NS  at  4°C  for  30  minutes,  then  at 
37°C  for  30  minutes,  followed  by  2x  washing 
in  PBS.  Cells  were  fixed  and  subjected  to 
electron  microscopy.  Nanospheres 
accumulation  was  evident  in  K562  exposed  to 
CD33-conjugated  NS  but  not  in  K562  cells 
exposed  to  bare  NS  (not  shown). 


2.3.  We  have  developed  new  conjugation  protocol  for  Ab-nanorods  (Figure  5).  The  conjugates  with 
anti-CD33  Ab  have  been  made  and  have  been  tested  in  AML  cell  lines.  The  results  demonstrate  avid 
accumulation  of  CD33-conjugated  nanorods  in  K562  cells  (Figure  6). 
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Figure  6.  Silver  stain  of  K562  cells  after  1  hour  pretreatment  with  conjugates:  GNR-PEG 
(unconjugated);  GNRods  CD33  (BD  Pharmingen);  GNRods  CD33  (BD  Biosciences). 
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